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1 INTRODUCTION 
Cold-formed steel sections are frequently used in 
residential, industrial and commercial buildings as 
roofing, floor and wall systems. The increasing use 
of cold-formed steel sections has enhanced research 
interest in the improving the design and efficiency of 
cold-formed steel members. Among them, lipped 
channel and Z-sections are commonly used due to 
their high strength-to-weight ratio, economy of 
transportation and handling, ease of fabrication, 
simple erection and installation. Figure 1 shows the 
use of lipped channel beams (LCB) in floor systems 
with circular web openings. 
 
 
     
 
 
 
 
 
 
 
(a) LCB with web openings    (b) LCB application 
Figure 1: LCBs with web openings. 
 
Currently industry applications in flooring systems 
include openings in the web of floor joists or bearers 
so that building services such as electrical conduits 
and plumbing facilities can be located within them. 
Without web openings in beams, building services 
need to be located under the joists leading to in-
creased floor heights. Three standard opening sizes 
of 60, 100 and 125 mm are used with the currently 
available LCBs. Shear force is carried by the web 
element of LCB. Hence the use of web openings in 
LCBs significantly reduces their shear capacity due 
to the reduced web area. There are many variables 
that affect the shear capacity of members containing 
web openings. They include the shape, position and 
size of web openings and also the web slenderness. 
Hence Keerthan and Mahendran (2012b,d) investi-
gated the shear behaviour and strength of LCBs with 
circular web openings using experimental and nu-
merical studies. New design equations were devel-
oped by them for the shear capacity of LCBs with 
web openings, which included the effects of en-
hanced buckling due to the rigid web-flange junc-
ture, and post-buckling strength in shear. 
Since the loss of shear capacity of LCBs was 
found to be as high as 70% (Keerthan and Mahen-
dran, 2012b) when the depth of web opening to clear 
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height ratio (dwh/d1) is 0.7, there is a need to improve 
the shear capacity of LCB with web openings. There 
are several methods used to improve the shear ca-
pacity of beams with web openings. The most prac-
tical method is to increase the web thickness. How-
ever, this is not possible with cold-formed steel 
sections. A cost effective way to improve the detri-
mental effects of a large web opening is to attach 
suitable stiffeners around the web openings. Current 
cold-formed steel design standards (AISI, 2007 and 
SA, 2005) and other steel framing standards (AISI, 
2004) do not provide adequate guidelines to facili-
tate the design and construction of stiffeners for LCB 
floor joists with large web openings. Keerthan and 
Mahendran (2012a,e) investigated the shear beha-
viour and strength of LiteSteel beams (OATM, 
2008) with stiffened web openings using experimen-
tal and numerical studies while Sivakumaran (2008) 
conducted an experimental study to develop a stiff-
ener system for cold-formed LCBs with web open-
ings. However, limited research has been undertaken 
to investigate the shear behaviour of LCBs with 
stiffened web openings. Therefore experimental 
studies were conducted to develop the recommended 
and economical stiffener arrangements for LCBs 
with web openings subjected to shear. This paper 
presents the details of a series of shear tests of LCBs 
with stiffened circular web openings, and the results. 
New plate stiffener arrangements are proposed for 
LCBs to restore the original shear capacity of LCBs 
without web openings.  
2 EXPERIMENTAL STUDIES 
An experimental study was conducted to evaluate 
the shear strength and behaviour of LCBs with stif-
fened web openings using a series of primarily shear 
tests of simply supported LCBs with stiffened web 
openings subjected to a mid-span load (Figure 2). 
This experimental study was aimed at developing the 
recommended web stiffening arrangements for LCBs 
with circular web openings in shear. Key parameters 
were chosen carefully in the design of test program. 
In order to fully understand the shear performance of 
LCB sections with stiffened web openings, several 
important issues were considered when deciding 
these parameters such as the ratio of the depth of 
web openings to clear height of web (dwh/d1), types 
and thicknesses of stiffeners, number of self-drilling 
Tek screws and their arrangements. 
Sivakumaran (2008) stated that the LCB stud and 
plate stiffeners established as per AISI (2004) stif-
fening requirements are not adequate to restore the 
shear strengths of joist sections with web openings. 
The bridging channel stiffener in the form of a vi-
rendeel type reinforcement system was considered 
capable of restoring the original shear strength of a 
cold-formed steel joist section. Since the 
201x41x12x1.12 LCB section without web openings 
as used by him failed by combined bending and 
shear at 12.43 kN, its true shear capacity would be 
higher than 12.43 kN. The true shear capacity of 
201x41x12x1.12 LCB was calculated as 18.07 kN 
based on Keerthan and Mahendran (2012c). Hence it 
appears that LCB stud, plate and bridging channel 
stiffeners established as per Sivakumaran (2008) and 
AISI (2004) stiffening requirements are not adequate 
to restore the original shear capacity of LCBs. Larger 
and thicker plate and stud stiffeners may be needed 
for this purpose. This experimental study therefore 
considered such stiffening arrangements. 
2.1 Test specimens of LCBs 
In this study two LCB sections, 250x75x1.9 LCB 
and 160x65x1.9 LCB, made of two different steel 
grades (G250 and G450) were used. Three opening 
sizes of 60, 100 and 125 mm were chosen based on 
the standard sizes as used in the industry. Plate and 
stud stiffeners as recommended by AISI (2004) were 
used with varying thicknesses and sizes and screw 
fastening arrangements in nine tests. Eight tests were 
also conducted without stiffening the web openings, 
giving a total of 17 tests. Details of these test speci-
mens are given in Table 1. In order to simulate a 
primarily shear condition, relatively short test beams 
were selected based on two aspect ratios (shear span 
a/ clear web height d1) of 1.0 and 1.5. 
 
Table 1. Test specimen details. 
2.2 Test set-up and procedure 
All LCB specimens were tested using the Instron 
testing machine. Two LCB sections were bolted 
back to back using three T-shaped stiffeners and web 
side plates located at the end supports and the load-
ing point to eliminate any torsional loading of test 
beams and possible web crippling of flanges and 
flange bearing failures. A 30 mm gap was included 
between the two LCB sections as shown in Figure 2 
to allow the test beams to behave independently 
while remaining together to resist torsional effects. 
Figure 2 shows the experimental set-up used in the 
shear tests of LCBs with stiffened web openings.  
 
Table 2. Test results. 
 
 
 
      Figure 3. Stiffener arrangement. 
 
 
 
 
 
The support system was designed to ensure that the 
test beam acted as a simply supported beam with 
pinned supports at each end. The measuring system 
was set-up to record the applied load and associated 
test beam deflections. Two laser displacement trans-
ducers were located on the test beam under the load-
ing point and web panel to measure the vertical and 
lateral deflections, respectively (see Figure 2). At the 
start of testing, a small load was applied to allow the 
loading and support systems to settle evenly on the 
bearings. The cross-head of the testing machine was 
moved at a constant rate of 0.7 mm/minute until the 
test beam failed in shear. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3 Details of stiffening arrangements  
This section presents the details of the different web 
stiffening arrangements used in this experimental 
study. Stiffeners were not used in Test Specimens 1 
to 4 (aspect ratio = 1.5). In Test Specimens 5 and 6, 
the web openings were stiffened with plate stiffeners 
based on AISI’s (2004) minimum stiffening 
requirements. The thickness of the plate stiffener 
was equal to the thickness of 250x75x1.9 LCB 
section while the plate stiffener extended 25 mm 
beyond all the edges of the web openings. This gave 
the dimensions 110x110x1.9 mm and 150x15x0x1.9 
mm for the plate stiffeners of Test Specimens 5 and 
6, respectively. The plate stiffener was fastened to 
the web of the LCB section with No.12 Tek screws 
at 25 mm spacing along the edges of the plate 
stiffener with an edge distance of 12.5 mm as shown 
in Figure 3 (a). This stiffener arrangement was 
defined as “Arrangement 1” (AISI, 2004). In Test 
Specimen 7, 250x248x1.9 LCB stud stiffeners were 
attached to LCB specimen with 100 mm web 
openings. The screw fastening arrangement in Test 
Specimens 7 to 10 was placed with three screws on 
each side of the plate stiffener giving a total of 8 
screws and improved with four additional screws in 
the diagonal direction giving a total of 12 screws 
(Arrangement 2) as shown in Figure 3(b). The 
additional screws along the diagonal direction were 
located at 10 mm from the edge of the web openings. 
Test Specimen 10 was used to investigate the use of 
thicker 3.8 mm (two 1.9 mm plate stiffeners) and 
wider (225 mm) plate stiffeners to restore the shear 
capacity in the case of larger 125 mm web openings. 
Stiffeners were not used in Test Specimens 11 to 13 
and 16 (Aspect ratio =1.0). In Test Specimens 14, 15 
and 17, the web openings were stiffened with plate 
stiffeners based on Arrangement 2 (Recommended 
stiffener arrangement). 
2.4 Test results 
The purpose of conducting full-scale shear tests is to 
experimentally establish the shear capacities of LCB 
Note: A1- Arrangement1, dwh = Depth of Web Opening, d1- Clear Height of Web. 
 
Figure 3. Stiffener arrangements. 
 
Figure 2. Experimental set-up. 
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Laser LVDTs 
sections with stiffened web openings. These test re-
sults are important as they provide a point of com-
parison with which to gauge the performance of the 
shear design rules as well as presenting some data 
with which to verify finite element models of LCB 
sections with stiffened web openings. The shear 
force induced in each LCB section is equal to the 
applied load divided by 4 in the back to back LCB 
test arrangement. Table 2 shows the ultimate shear 
capacities of the LCBs tested in this study.  
In order to enhance the shear capacity of LCBs 
with web openings, plate stiffeners and LCB stud 
stiffeners were considered in this research (see Fig-
ures 2). The plate stiffeners increased the effective 
web thickness while also restraining the free edges 
of the web openings. Hence the use of plate stiffen-
ers provided an increase in the shear capacity of 
LCBs as shown in Table 2. All the test specimens 
failed at the openings. In Test Specimen 6, plate 
stiffener dimensions and screw fastening arrange-
ment were adopted based on AISI (2004) (Arrange-
ment 1). However, Test Specimen 6 only reached 
90% of the shear capacity of LCB section without 
web openings (56.9 kN vs 63 kN). Hence this test 
showed that the plate stiffeners established as per 
AISI (2004) recommendations are not adequate to 
restore the shear strengths of LCB with web open-
ings when the ratio of depth of web opening to clear 
height of web (dwh/d1) is 0.40.  
In order to investigate the effect of using LCB 
stud stiffeners on the shear capacity of LCBs with 
web openings, Test 7 was conducted. Table 2 shows 
that by using LCB stud stiffeners with improved Ar-
rangement 2 it was possible to achieve 100% of the 
shear capacity of LCB without web openings (65.2 
kN) in Test 7 with 100 mm web openings (dwh/d1 = 
0.40). The use of LCB stud stiffeners provided 
higher shear capacities than plate stiffeners of the 
same thickness. However, they may not be able to 
fully restore the shear capacity of LCBs without web 
openings when the depth of web opening to clear 
height ratio (dwh/d1) is greater than 0.40. Figures 4 
and 5 show the failure modes of test specimens. 
In Test Specimens 7 to 10, screw fastening ar-
rangements were adopted based on the improved ar-
rangement (Arrangement 2). In Test 8, 200x200x1.9 
mm plate stiffener (50 mm on either side of the edge 
of web opening) were attached to the 250x75x1.9 
LCB (aspect ratio = 1.5, dwh = 100 mm and dwh/d1 
=0.4). Table 2 shows that the single recommended 
plate stiffener was able to restore the full shear ca-
pacity of LCB section (62.7 vs 63 kN) when the 
depth of web opening to clear height ratio (dwh/d1) is 
equal to 0.40. 
Tests 9 and 10 were conducted to determine the 
required web thickness in the case of larger 125 mm 
web openings. They were conducted with 1.9 mm 
and 3.8 mm (two 1.9 mm) plate stiffeners that were 
225 x225 mm wide and depth (50 mm on either side 
of the edge of web openings). Test Specimen 9 only 
reached 85% of the shear capacity of LCB section 
without web openings (53.7 kN vs 63 kN). However, 
Test Specimen 10 reached 99% of the shear capacity 
of LCB section without web openings (62.2 kN vs 
63 kN). Hence plate stiffeners screw-fastened using 
Arrangement 2 were considered to have restored the 
full shear capacity in this case. Figure 6 shows the 
applied load versus deflection curve for 250x75x1.9 
LCB with 100 mm web openings and 200x200x1.9 
mm plate stiffeners (Test 8). Figure 6 shows the 
presence of significant post-buckling capacity 
beyond elastic buckling. 
Test 14 and 15 investigated the effect of lower 
grade steel (fy = 271 MPa) for single recommended 
plate stiffeners for 250x75x1.9 LCBs. These sections 
had an aspect ratio of 1.0 and dwh/d1 ratios of 0.4 and 
0.5 (dwh = 100 and 125 mm). Test Specimen 14 
reached 91.5% of the shear capacity of LCB section 
without web openings (50.6 kN vs 55.3 kN) while 
Test Specimen 15 reached 80% of the shear capacity 
of LCB section without web openings (44.2 kN vs 
55.3 kN). When compared with Tests 8 and 9 which 
were identical shear capacities restored in Tests 14 
and 15 were lower. This reduction in restored shear 
capacity for Tests 14 and 15 is a result of the use of 
reduced plate stiffener sizes in these tests. The use of 
aspect ratio of 1.0 resulted in a smaller shear panel 
length (a), consequently reducing the distance be-
tween the web side plates. Hence the width of plate 
stiffeners used in these tests had to be reduced.  
 
 
 
 
 
 
 
 
 
 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Shear Failure 
(a) Test 6 (AISI, 2004) (b) Test 7 (LCB Stud) 
Figure 4. Failure modes of test specimens. 
(Aspect Ratio =1.5) 
(d) Test 10 (Optimum) (c) Test 8 (Optimum)   
Shear Failure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Test 17 was conducted on the 160x65x1.9 LCB 
with 100 mm web openings (dwh/d1 = 0.625). This 
test investigated the effect of a double recommended 
plate stiffener to restore the shear capacity of LCB. 
The stiffener however had been modified to a small-
er size (130x130x3.8 mm plate) in order to fit be-
tween the side plates of the testing rig. Consequent-
ly, the design rule of dwh + 100mm could not be 
followed, resulting in a greatly reduced area. This re-
sulted in a low capacity of 43kN being achieved. 
This was 61.4% of the full shear capacity of 
160x65x1.9 LCB without web openings (see Table 
2). 
 
 
 
 
 
 
 
 
 
Figure 6. Applied load versus lateral deflection for 250x75x1.9 
LCB section with 100mm web openings and 200x200x1.9 mm 
plate stiffeners (Test 8). 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Comparison of Load vs. Lateral displacement for 
250x75x1.9 LCB Section with 100mm web openings for 
three Reinforcement Arrangements (aspect ratio 1.5). 
Figure 7 shows the comparison of Tests 6 to 8 in 
the form of applied load versus lateral deflection 
curve. It shows that elastic buckling load of LCBs 
with stud stiffener were significantly higher than that 
of the AISI and recommended plate stiffeners. It can 
be seen that an LCB stud stiffener is the most effec-
tive stiffening arrangement for restoring shear 
strength to LCBs with dwh/d1 ratios of 0.40 or less. 
 In summary, shear test results in Table 2 show 
that plate stiffeners with dimensions equal to web 
opening width and depth plus 100 mm that are screw 
fastened using Arrangement 2 are needed to restore 
the original shear strength of 250x75x1.9 LCBs. 
Their  thickness has to be a minimum of 1.9 mm, 1.9 
mm and 3.8 mm for 250x75x1.9 LCBs with 60 mm, 
100 mm and 125 mm web openings, respectively. 
3 RECOMMENDED PLATE STIFFENER  
In this section recommended plate stiffener system is 
developed for LCBs with web openings based on 
test results. Although successful tests were only for 
250x75x1.9LCBs, it is considered that test results 
reported in this paper can be used to propose a suita-
ble stiffener system that is applicable to other LCBs. 
It was found that LCB stud stiffener was able to fully 
restore the shear capacity of LCBs without web 
openings when the depth of web opening to clear 
height ratio (dwh/d1) is equal or less than 0.40. The 
use of plate stiffeners allows the designers to use ap-
propriate widths and thicknesses. Hence plate stif-
feners are proposed with the following minimum 
dimensions. The width of the recommended plate 
stiffener is dwh+100 mm where dwh is the depth of 
web opening while its height is lesser of clear web 
height (d1) and dwh+100 mm. It is recommended that 
these plate stiffeners are fastened to LCB webs using 
No.12 Tek screws and Arrangement 2. This recom-
mended plate stiffener arrangement is an improve-
ment of the recommendations of AISI (2004) and 
Sivakumaran (2008). The plate stiffener does not 
have to extend up to the full clear web height. This is 
why the required plate stiffener height is lesser of 
(d1) and dwh+100. For example, in the case of 
250x75x1.9 LCB with 60 mm web opening the re-
quired plate stiffener sizes will be 160x160 mm and 
not 160 x 250 mm. 
It was found that the required plate stiffener thick-
ness depends mainly on the ratio of the depth of web 
opening to the clear height of web ratio (dwh/d1). 
Hence suitable predictive equations for the thickness 
of recommended plate stiffeners (tstiff) were proposed 
based on dwh/d1 (Eqns. (1) to (3)). Eqns. (1) to (3) 
and associated dwh/d1 ranges were developed based 
on the test results reported here. Since the level of 
fixity at the web-flange juncture of LCB is the same 
for the available LCBs (23% fixity level) (Keerthan 
Figure 5. Failure mode of test specimens. 
(Aspect ratio = 1.0) 
(a) Test 14 (Optimum) 
(b) Test 15 (Optimum) 
LCB without Web Openings 
and Mahendran, 2012c), Eqns. (1) to (3) are consi-
dered to be applicable to all the LCB sections.  
 
 tStiff = tw              
 
 tStiff = 2tw              
 
 tStiff = 3tw              
 
 
 wStiff = dwh+100                                                                                  
 
 hStiff = Lesser of dwh+100 and d1     
 
Where, tstiff, wstiff, hstiff = Thickness, width and height 
of plate stiffeners 
dwh = Depth of web openings 
d1= Clear height of LCB web element 
 
Equations 1 to 3 provide a lower bound to plate 
stiffener thickness (tStiff) and thus ensure a safe de-
sign of LCBs with stiffened web openings. In order 
to improve the accuracy of the proposed equations 
for LCBs with stiffened web openings and confirm 
the experimental findings, a detailed parametric 
study based on non-linear finite element analyses 
will be undertaken. Keerthan and Mahendran 
(2012c) proposed suitable equations for the shear 
capacity of LCBs without web openings. These 
equations can be used for LCBs with stiffened web 
openings when the improved, recommended stiff-
ener arrangement (Arrangement 2) is used. 
4 CONCLUSIONS 
This paper has presented the details of an experi-
mental study into the shear performance and strength 
of lipped channel beams with stiffened web open-
ings. An experimental study was conducted to de-
velop the most suitable web stiffening arrangements 
for lipped channel beams with circular web openings 
in shear. 
In order to investigate the effects of stiffener types 
(plate and stud stiffeners) and sizes (thickness, width 
and height) and screw fastening arrangements on the 
shear capacities of LCBs with web openings, 17 
primarily shear tests were conducted using a three 
point loading arrangement. Experimental results 
showed that the plate stiffeners based on AISI (2004) 
recommendations are not adequate to restore the 
original shear strengths of LCBs with web openings. 
Suitable screw-fastened stiffening systems based on 
plate stiffeners were developed to restore the shear 
capacity of LCBs with web openings. It was found 
that the width of the recommended plate stiffener is 
dwh+100 mm where dwh is the web opening depth 
while its height is the lesser of clear web height (d1) 
and dwh+100 mm. The required stiffener thickness 
was proposed as a function of the web opening depth 
to clear web height ratio (dwh/d1). Test results also 
provided the required screw fastening arrangement 
for the recommended plate stiffeners (Arrangement 
2). Detailed numerical studies are currently under 
way to validate the findings from this experimental 
study and to enhance further the applications of the 
findings to other LCBs that have not been tested.   
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